Schistosomiasis remains a largely neglected, global health problem. The morbid pathology of the disease stems from the host's inflammatory response to parasite eggs trapped in host tissues. Long term host/parasite survival is dependent upon the successful modulation of the acute pathological response, which is induced by egg antigens. In this study, using Multidimensional Protein Identification Technology, we identified the Schistosoma mansoni egg secretome consisting of 188 proteins. Notably we identified proteins involved in redox balance, molecular chaperoning and protein folding, development and signaling, scavenging and metabolic pathways, immune response modulation, and 32 novel, previously uncharacterized schistosome proteins. We localized a subset of previously characterized schistosome proteins identified in egg secretions in this study, to the surface of live S. mansoni eggs using the circumoval precipitin reaction. The identification of proteins actively secreted by live schistosome eggs provides important new information for understanding immune modulation and the pathology of schistosomiasis.
Introduction
Schistosomiasis remains a neglected tropical parasitic disease with more than 200 million human infections, and an estimated 280,000 deaths, per year in more than 70 countries [1] . Reassessment of disability due to schistosomiasis along with recent estimates of the global incidence of schistosome infection indicates that the actual public health burden due to schistosomiasis has been greatly underestimated [2] . The pathology of infection with the helminth Schistosoma mansoni is surprisingly varied, ranging from a relatively mild intestinal presentation to severe hepato-splenic disease, and is dependent upon not only parasitic antigens, but also the host's genetic milieu and Abbreviations: COP, circumoval precipitin; ESP, egg secreted proteins; GST, glutathione-S-transferase; HSP, heat shock protein; IPSE, IL-4-inducing principle of S. mansoni eggs; MudPIT, multidimensional protein identification technique; NPC2, Niemann-Pick C2; PHM, peptidylglycine alphahydroxylating monooxygenase; SEA, soluble egg antigens; Sm-p40, S. mansoni egg protein 40 * Corresponding author. Tel.: +1 309 438 2608; fax: +1 309 438 3722.
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state of concomitant schistosome infection or concurrent infection with other pathogens [3] . Specifically, morbid pathology stems from a complex host MHC-class II-restricted, CD4 + T cell-mediated hepato-intestinal granulomatous and fibrosing inflammatory response to parasite egg antigens [4] . In contrast, after initial infection, larval and adult parasites produce minimal inflammatory pathology in the host. Successful immunomodulation to limit excessive inflammation is critical to enhance the long term survival of both host and parasite [5, 6] . After infection and a 5 week maturation period, schistosomes migrate to the mesenteric venous plexus, mate, and begin oviposition. Initial egg granuloma formation amidst pro-inflammatory cytokines normally shifts to a Th2-type antiinflammatory cytokine environment [7] , directly in response to secreted egg antigens [7, 8] . The cumulative effect of granulomatous inflammation and fibrosis can lead to hepatic scarring, portal hypertension, gastro-intestinal hemorrhage, and death [9] . However, granulomas likely protect the host liver from egg secreted hepatotoxins [10] and possibly serve as foci of neovascularization that preserve host liver function and viability [11] .
While jeopardizing host health, granulomatous inflammation facilitates the passage of live eggs from the mesenteric vas-culature across endothelial and mucosal barriers to the lumen of the intestine with subsequent excretion, thus, allowing the parasitic lifecycle to continue. It is not clear how this process occurs, although it is dependent upon the inflammatory response, because egg excretion is minimal in immunocompromised mice [12] . Moreover, in HIV + patients co-infected with S. mansoni, decreased CD4 + T-cell counts correlated with diminished egg excretion [13] . It is unclear how eggs initially attach to the endothelium and initiate penetration during extravasation, but factors released by eggs may bind extracellular matrix proteins.
Because of the role of egg antigens in regulating the cytokine environment and the subsequent immunopathology of schistosomiasis, identifying the components of soluble egg antigens (SEA) and egg secretory proteins (ESP) is of considerable interest. To date, only a handful of ESP and SEA components have been characterized. One of the most abundant egg proteins comprising 10% of total SEA is S. mansoni 40 kDa protein (Sm-p40 [14] ), a protein with homology to small heat shock proteins (HSPs) and ␣-crystallin [15] . By examining the ability of SEA fractions to stimulate proliferation of CD4 + Th cells isolated from S. mansoni infected mice, not only Sm-p40, but p150/166 (albumin), phosphoenolpyruvate carboxykinase, glutathione Stransferase (GST)-(28 K), peroxiredoxin 1, and SmEP25 [16] proteins have been identified. SmEP25 is identical to IL-4-inducing principle of S. mansoni eggs (IPSE)/alpha-1 (the name used henceforth) [17] . IPSE/alpha-1 is an egg-specific 20 kDa glycoprotein that forms a 40 kDa homodimer possessing the ability to stimulate basophils to degranulate and release IL-4, thus, perhaps playing a role in initiating the Th-2 phenotype [18] . High mobility group box 1 protein, an abundant nuclear protein involved in DNA replication, transcription, and chromatin assembly, also is found in egg secretions [19] . Additionally, the egg-specific 100 kDa protein kappa-5 remains poorly characterized [20] , the egg-specific 31 kDa glycoprotein omega-1 [17, 20] has been identified as a hepatotoxic ribonuclease [21] , and 12 kDa thioredoxin has been identified in egg secretions by indirect immunofluorescence [22] .
We hypothesized that antigens actively secreted by live eggs profoundly modulate the host-parasite interaction. To more fully characterize the proteinaceous components of ESP, we took a high throughput proteomic approach to identify live-egg secreted proteins by the extremely sensitive and comprehensive Multidimensional Protein Identification Technique (MudPIT [23] ). We identified 188 proteins, 156 with known identities and 32 novel, previously uncharacterized proteins. Having a comprehensive list of egg secreted proteins will facilitate our understanding of this complex host/parasite relationship.
Materials and methods

Collection of ESP and egg culture
For ESP collection, eggs were isolated and cultured as previously described [22] . Hatching experiments after culture and collection of ESP showed an >80% hatching rate indicating that the eggs used to make ESP were viable. Unhatched eggs (<20%) were either dead or unembryonated. Hatching of eggs during the collection period was <1%. Thus, the ESP collected for MudPIT analysis was representative of proteins secreted by live and not dead or hatched eggs.
MudPIT analysis of ESP
To identify the full proteomic signature of egg secreted proteins, ESP was treated as previously published [23] . Briefly, trichloroacetic acid-precipitated proteins were denatured (in 8 M urea) and cysteine residues were reduced (with 5 mM TCEP) and alkylated (with 20 mM iodoacetamide), to disrupt and prevent the reformation of disulfide bonds, and proteolytically digested at pH 8.5 with endoproteinase LysC (Roche) overnight at 37 • C. The samples were then digested overnight with trypsin (Roche) in 2 M urea and 2 mM CaCl 2 at 37 • C. The digestion reaction was quenched and acidified with 5% formic acid to aid in the ionization of the peptides for mass spectrometry. Peptides were loaded onto a fused-silica microcapillary column (100 m inner diameter, 365 m outer diameter, Polymicro) pulled with a laser puller (Model P-2000, Sutter Instrument Co.) to create a 5 m tip for electrospray ionization, and packed first with 8-10 cm of 5 m C 18 reverse phase material (Aqua, Phenomenex) and followed by 4-5 cm of 5 m strong cation exchange material (Partishpere SCX, Whattman).
Loaded biphasic microcapillary columns were installed inline with a Quaternary Agilent 1100 series HPLC pump, such as to spray directly into an LCQ-Deca ion trap mass spectrometer (ThermoFinnigan, Palo Alto, CA) equipped with a nano-LC electrospray ionization source. Overflow tubing was used to decrease the flow rate to about 200-300 nl/min. Three different elution buffers were used: Buffer A (5% acetonitrile), Buffer B (80% acetonitrile, 0.1% formic acid), and Buffer C (500 mM ammonium acetate, 5% acetonitrile, 0.1% formic acid). A fully automated, 12-step chromatography run was carried out whereby the peptides were sequentially eluted, first from the SCX resin to the RP resin, then from the RP resin directly into the mass spectrometer. The full MS spectra of eluted peptides were recorded over the 400-1600 m/z range. Tandem MS (MS/MS) spectra were acquired in a data-dependent manner, sequentially on the first, second and third most intense ions selected from the full MS scan. SEQUEST [24] correlated MS/MS spectra to S. mansoni cDNA sequences in the S. mansoni Gene Index Release 6.0 (http://compbio.dfci.harvard.edu/tgi/). The SMGI database was six-frame translated and all open reading-frames larger than 50 amino acids were included in the database used for searching. In addition, the protein sequence database was concatenated to a reversed version of the database in order to define Xcorr and DeltaCN values for an appropriate false positive rate of protein identification. DTASelect [25] was used to apply these identification criteria in a manner similar to that employed by Peng et al. [26] . No cleavage bias was assumed when searching MS/MS spectra against the S. mansoni sequence database. It is widely accepted that endogenous proteases released upon cell lysis will contribute to proteolytic cleavage of proteins to be analyzed, thus it is not necessarily expected that all peptides be fully digested only at tryptic residues. The majority of peptides resulting in identification tended to contain at least one tryptic end. Proteins identified were required to have a minimum of two peptides per locus. For proteins whose corresponding EST sequences are incomplete or missing entirely, they will have underestimated sequence and spectral count values, but their identification would not be entirely hindered, as even partial sequences may be sufficient to identify peptides mapping to the regions of the gene that are represented in the EST database. Naturally, a complete genome sequence would be optimal to gain a more impartial view of all proteins, but unfortunately the S. mansoni genome sequence is not available at this time.
Bioinformatic analysis of S. mansoni ESP
Mass spectra, generated by LC/LC-MS/MS analysis of ESP, were assigned peptide identities based upon similarity to predicted fragmentation patterns of protein sequences by the SEQUEST algorithm [27] . Peptide sequences were then assigned to the S. mansoni Gene Index database (http://compbio.dfci.harvard.edu/tgi/) by sequence homology, BLASTed against the non-redundant database at NCBI (http://www.ncbi.nlm.nih.gov/) and annotated using SwissProt/TrEMBL/KB primary accession numbers when possible. To quantify the relative abundance of any one protein in ESP, spectrum counts for the corresponding peptides belonging to each protein were combined.
Identified proteins were assigned annotated gene ontology using the Goblet server (http://goblet.molgen.mpg.de) and the human Swiss-Prot database [28, 29] . Because the proteins were identified as secreted proteins, the presence or absence of N-terminal signal/targeting sequences was determined using SecretomeP, an algorithm capable of predicting the presence or absence of both classical (signal peptide, P) and non-classical (alternative sequence, +) secretion sequences [30] .
RNA expression analysis
Controlled, semi-quantitative reverse transcription (RT)-PCR was performed using cDNA generated from 1 g total RNA from each parasite lifecycle developmental stage (cercariae, skin (4 h, 24 h, 5 days) and lung (10 days) schistosomulae, liver (23 days), adult (male and female), and egg) as described [31] . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, M92359) was used as an internal loading control. PCR primers, reaction conditions, and cycle numbers are shown in Supplemental Table 1 .
Circumoval precipitin reactions
Secretion by live eggs of selected proteins was confirmed by the circumoval precipitin reaction (COP) as described [22] using antibodies listed in Supplemental Table 2 . For COP reactions using anti-Sm-p40 mouse monoclonal antibodies, consistently high background, suggestive of the presence of mouse IgG on the surface of the egg, was circumvented by using eggs isolated from hamster liver. Images were captured digitally as 1028 × 712 .tif files and compiled unaltered in Adobe Photoshop and Illustrator.
Results and discussion
Egg secretome analysis
Successful parasitism is the equilibrium between the necessity of survival of both host and parasite and the continuation of the parasite species. Adult schistosomes may survive within their vascular environment for up to 30 years [32] . The morbid pathology of schistosomiasis stems not from the resident adult parasites, but from a complex host immune response to parasite egg antigens [5] . This same granulomatous inflammatory reaction, which encapsulates the egg within an oxidatively stressful microenvironment, simultaneously mediates the passage of live parasite eggs across host intestinal tissues, and thus, is fundamental for the continuation of the parasite life cycle [12, 13] . Because of the critical role of egg antigens during the schistosome infection, identifying the egg secretome is of interest.
The present study took a high-throughput, proteomic approach to comprehensively identify the secretome of the S. mansoni egg. The power of MudPIT analysis is precisely that proteins in a heterogeneous protein sample can be positively identified by this extremely sensitive method. The S. mansoni egg secretome was found to be surprisingly complex. Of the 188 proteins identified by MudPIT analysis (Supplemental Table 2 ), 156 proteins had similarity to previously annotated proteins and 32 proteins were uncharacterized, novel proteins. There is precedent for using spectrum count to reflect the relative abundance of individual proteins [33] [34] [35] . Original data correlating identified peptides to TC sequences are shown in Supplemental Table 4 . It should be noted that this approach is not exactly quantitative but rather provides a semi-quantitative view of the components represented in a protein mixture. The advantage to other approaches is that the identification of components is much more comprehensive, but the relative abundance of those components can never be exactly quantified without absolute quantitative measures that are quite low-throughput and costly [36] . The proteins identified as components of ESP were ranked by descending total spectrum count (Spec ct, Table 1, Supplemental Table 1 ). This ranking does not represent a true molar concentration of proteins in ESP, but rather serves to delineate highly abundant proteins from those of lesser abundance. The number of unique peptides for each protein (Seq ct) and the minimum peptide coverage (% cov) were also listed (Table 1 and Supplemental Tables 3 and  4) .
Many abundant egg proteins are known to be heavily glycosylated [17, 18, 21] . During MudPIT analysis, glycoproteins cleaved by a protease generate glycopeptides that are part of the heterogeneous peptide mix. However, because the mass of glycosylated peptides cannot be predicted, they are not identified by MudPIT analysis. However, proteins known to be heavily glycosylated, such as IPSE/alpha-1, omega-1, and kappa-5 [17, 18, 21] , were identified successfully by the MudPIT analysis here, via their non-glycosylated peptides. Although it is possible that every tryptic peptide in a protein could be glycosylated, and therefore the protein would not be identified by MudPIT, our results indicate that even heavily glycosylated proteins are not missed by MudPIT analysis. Sequence count (Seq ct) is the number of unique peptides identified for each protein; % Cov: the percent of protein covered by the unique peptides. The total number of times all of the unique peptides were identified for the protein (Spec ct) is a quantitative measure of the protein's abundance in the sample. Relative abundance indicates high, medium, or low abundance in ESP. The prediction by secretome P (SecP) on the likelihood of the protein being secreted via the classical (P) or alternative (+), or not predicted to be secreted (−).
In the present study, we noted that a small fraction of the total proteins comprised the bulk of the egg secretions. While spectrum count is not an exact molar representation of true abundance, it can be interpreted to support the notion that abundant proteins will generate a higher percentage of total peptides analyzed by mass spectral analysis, while less-abundant proteins will contribute far fewer peptides to the analysis, and thus, will have fewer relative spectrum counts. For analysis, we divided the egg secretome into thirds (high, medium, and low) to represent highly abundant proteins versus those of lesser abundance. The first 10 most-abundant proteins comprised the top third of total protein in ESP (Table 1) . Among the most highly abundant proteins identified in egg secretions were IPSE/alpha-1, omega-1, Sm-p40, HSP70, Niemann-Pick C2 (NPC2) and peptidylglycine alpha hydroxylating monooxygenase (PHM) [37] . A mere 31 proteins comprised the middle third of total ESP and the following 147 proteins comprised the low-abundance tier (Table 1) . Proteins previously identified in ESP, namely, IPSE/alpha-1, omega-1, thioredoxin, and peroxiredoxin 1, were all identified as components of ESP by the analysis here. In contrast, high mobility group box-1, a nuclear protein also previously found in ESP [19] , was not identified in this study. The absence of high mobility group box-1 may be explained by the presence of 42 potential trypsin cleavage sites that would generate peptides shorter than the peptide length minimum used in this analysis (7 residues, see Supplemental Table 4 ).
In addition to the proteins already mentioned, many other S. mansoni proteins in several functional categories were found in egg secretions: antioxidant proteins (peroxiredoxin 1, thioredoxin, thioredoxin glutathione reductase, GST-26K, GST-28K, GST-omega, superoxide dismutase), heat shock, chaperone and protein folding proteins (HSP70, HSP86/HSP90, polyubiquitin C, protein disulfide isomerase, 14-3-3 proteins), calcium-binding proteins (translationally controlled tumor protein, calpain, 16 kDa calcium-binding protein), inflammation-inducing proteins (IPSE/alpha-1, venom allergenlike proteins 2, 3, 5 and 9), glycolytic or glycolytic feeder pathway enzymes (fructose bisphosphate aldolase, enolase, phosphoenolpyruvate carboxykinase, GAPDH), and scavenging pathway proteins (NPC2 (cholesterol trafficking)).
Secretome P predictions
Secreted proteins would be expected to have a secretory sequence (either N-terminal or leaderless) and the presence of such sequences would further validate the identification of individual proteins in ESP. Protein sequences identified by MudPIT were analyzed for the presence or absence of secretion signals, including both the classic N-terminal signaling peptide and the non-classical or alternative internal secretion sequences [38] . Non-classically secreted proteins may be secreted by lysosomal or exosomal vesicular fusion, by membrane transporters, or by membrane blebbing [38] .
Using the most complete protein sequences available, the presence or absence of either a classic, N-terminal signal peptide sequence or a non-classical, internal protein secretion sequence was predicted by the SecretomeP v. 2.0 algorithm [30] , which assigned a neural network value to the protein sequences. Any protein sequence receiving a neural network value ≥0.5 was predicted to be secreted by either a classic signal sequence (P), or via a non-classical pathway (+). Protein sequences with a neural network value ≤0.5 were predicted to be non-secreted (−).
Of the 188 identified proteins in ESP, 118 proteins (63% of total) had an neural network value ≥0.5, and thus, were predicted by SecretomeP to be secreted (SecP in Table 1 and Supplemental  Table 3 ); the proteins contained either a classic signal peptide leader sequence (P, 32 proteins, 17%) or were predicted to be secreted through a non-classical pathway (+, 86 proteins, 46%). Concomitantly, 67 proteins (35% of total) were predicted by SecretomeP to be not secreted via either pathway, and 3 proteins (short, 2%) were too short for the SecretomeP algorithm to analyze.
Because Sm-p40 was the third most-abundant protein in egg secretions contributing 4% of total spectrum counts, it was surprising that SecretomeP predicted Sm-p40 to be non-secreted. However, examination of available transcript and genomic databases revealed that Sm-p40 is a gene family. Of note, tentative consensus sequence TC28308 encoded a Sm-p40 family member encoding peptides identified by MudPIT. When this TC was used for the SecretomeP prediction, the neural network value was 0.774 and was therefore reported as (+) for Sm-p40 (Table 1, Supplemental Table 3) .
One explanation for the number of proteins identified in ESP that were predicted by SecretomeP to be not secreted by either the classical or alternative pathway is that the Secretome P algorithm was trained using mammalian, and not platyhelminth, protein sequences [30] , and that the sequences available in the databases potentially encode truncated ORFs, as described above for Sm-p40.
Gene ontology
Gene ontology was assigned to the array of identified proteins to gain a basic understanding of protein function and the biological processes in which they are involved. The gene ontology of the most-abundant egg secreted proteins (22 proteins comprising 50% of total ESP) was compared to the ontology of both the entire complement of egg secreted proteins (188 proteins, 100% of ESP) and the ontology of annotated S. mansoni proteins in the NCBI non-redundant database, as analyzed by the GOblet server previously (650 proteins [39] ). Table 2 displays the results of GO annotation for the three major categories of molecular function, biological process, and cellular component.
Molecular function was assigned to 129 proteins. Fully 79% (102 proteins) had binding capacity (GO:0005488) including ion binding (GO:0043167), nucleic acid binding (GO:0000166), and protein binding (GO:0005515). Catalytic activity (GO:0003824) was identified for 61% of the proteins with hydrolase (GO:0016787), oxidoreductase (GO:0016491), and transferase (GO:0016740) activities specifically enriched. Similarly, 122 proteins were involved in annotated biological processes. Of these, 96% were involved in physiological processes (GO:0007582) such as cell death (GO:0016265), homeostasis (GO:0019725), metabolism (GO:0044237), and cell communication (GO:0007154). Finally, 108 proteins assigned to cellular component categories (GO:0005575) were frequently localized to cytoplasmic organelles (GO:0043226) and protein complexes (GO:0043234).
RT-PCR results
MudPIT identified 32 unknown, previously uncharacterized proteins in egg secretions (unknown ESP 1-32, Table 1 and  Supplemental Table 3 ). The developmental expression pattern of a subset of some of the more abundant unknown ESP pro- :0007275 development  2  12  14  11  76  18  GO:0007582 physiological process  16  94  117  96  330  78  GO:0008152 metabolism  16  94  101  83  217  51  GO:0016265 death  6  35  22  18  --GO:0051179 localization  4  24  37  30  --GO:0007154 cell communication  6  35  30  25  73  17  GO:0050789 regulation of biological process  6  35  45  37  6  1  GO:0050896 response to stimulus  4  24  26  21  34  8  GO:0006950 response to stress  3  18  19  16  --GO:0005575 cellular component  15  100  108  100  335  100  GO:0005576 extracellular region  3  20  14  13  13  4  GO:0005623 cell  14  93  102  94  279  83  GO:0043226 organelle  7  47  56  52  --GO:0043234 protein complex  4  27  31  29  --GO:0000015 phosphopyruvate hydratase complex  1  7  8  7  --GO:0005667 transcription factor complex  3  20  3  3  -- GO annotations for the most abundant egg secreted proteins (22 proteins, top 50% ESP) are compared to the GO annotations for both the entire egg secretome identified in this study (188 proteins, total ESP) and the approximately 650 non-fragmentary schistosome proteins of the NCBI non-redundant data bank (NCBI nr). a Knudsen et al. [39] .
teins (unknown ESP 2-5) was determined by RT-PCR. The results in Fig. 1 show that the expression of unknown ESPs 2-4 were specific to egg, while unknown ESP 5 was expressed not only in egg, but also in all stages tested except for adult females. The expression pattern of unknown ESP 5 was interesting; expression was seen to be highest during stages adapting to new environments (Fig. 1) . Although unknown ESP 5 was expressed at very low levels in cercariae, its expression was rapidly induced after transformation to schistosomula. However, within 24 h (24 h) the expression of unknown ESP 5 was greatly reduced and remained so until 10 days (10 d) after transformation, at which point its expression increased and remained so through juvenile liver stage (23 d) until again being reduced in adult worms. Therefore unknown ESP 5 expression reflects a pattern in which maximum expression occurs as parasites adapt to the skin, lungs and liver of the host.
Circumoval precipitin reaction results
The COP reaction was first described as a serodiagnostic tool for schistosome infection [40] . In the COP reaction, proteins exit the egg through pores in the eggshell, interact with host antibodies, and form a precipitate at the point of secretion [41] . We confirmed the MudPIT data by localizing some of the more abundant egg secreted proteins on the surface of live eggs by both direct and indirect immunofluorescent COP reactions ( Fig. 2 and Supplemental Fig. 1 ). Fig. 2 shows the COP reactions obtained using antibodies against HSP70 and Sm-p40, visualized by fluorochrome labeled secondary antibodies. Although it is not possible to use the COP reaction to confirm the secretion of every protein identified in this study, the localization to the surface of live eggs in a COP reaction of a subset of proteins identified in ESP supports the presence in ESP of other proteins identified in this study. Additional proteins (thioredoxin, ubiquitin, PHM, tubulin, albumin, thioredoxin glutathione reductase, and GST(26K), all identified by MudPIT to be present in egg secretions, also were localized to the surface of live eggs via the COP reaction and are shown in Supplemental Fig. 1 . As an additional control, ribosomal subunit S6, which was not identified in ESP, also was not co-localized in a COP reaction indicating that the presence of antibodies alone during the in vitro culture of eggs does not produce a COP reaction (Supplemental Fig. 1 ).
Functions of proteins found in ESP
The 188 egg secreted proteins fall into some general categories including energy production, cell signaling, and maintenance of redox balance (thioredoxin, peroxiredoxins, albumin, GST-26K, GST-28K, GST-omega). Previously identified egg-specific glycoproteins (IPSE/alpha-1, omega-1, kappa-5) were positively identified as components of ESP, and yet some of the most abundant proteins are still relatively uncharacterized. A comparison of our proteomic identification of egg secreted proteins and the results of both peptide mass fingerprinting of SEA [42] and cercarial secretions [39] revealed that many proteins were identified in all three studies: 14-3-3 proteins, actin, enolase, GAPDH, HSP70, thioredoxin, and GST-26K and-28K. However, in this study we also identified protein components not previously identified in parasitic secretions including NPC2 and venom allergen-like proteins.
One of the most abundant protein in ESP was Sm-p40. Smp40 shows similarity to ␣-crystallin, which can function as a molecular chaperone, prevent protein aggregation, and facilitates protein refolding [43] . Based upon Sm-p40's similarity to small heat shock proteins and ␣-crystallin, it is intriguing to speculate that this extremely abundant secreted egg protein may function as a molecular chaperone during protein folding or secretion, or may protect the egg in some capacity within the oxidatively stressful granuloma environment.
Similarly, heat shock proteins, including HSP86/90, -70, -60, -40, and -10, were found to be present in ESP. HSPs are typically immunodomi;nant antigens and major targets of host immune responses, including autoimmunity [44] . As a group, heat shock proteins perform many different tasks within the same cellular compartments, thus, regulation of access to substrates is essential and relies upon the presence of co-chaperones to facilitate targeting to specific substrates and functions. Co-chaperones include J-domain proteins, such as Dj-1 beta (TC20573), also identified as a component of ESP in this study.
NPC2, a ubiquitous, essential protein involved in cholesterol trafficking, was also identified as one of the most-abundant protein in ESP; this is the first time NPC2 has been identified in Schistosoma. NPC2 is a small intralysosomal cholesterolbinding protein involved in the egress of cholesterol out of endosomal/lysosomal compartments [45, 46] . Although NPC2, along with NPC1, is essential for proper cellular cholesterol trafficking, its precise function has remained elusive [45] . The S. mansoni and human NPC2 proteins shared 37% identity and 55% similarity, and Phe-66, Val-96, and Tyr-100, which have been found to be essential for cholesterol binding [47] , were conserved in the S. mansoni protein, as was the predicted secondary structures of the proteins (Fig. 3) . Glycosylation has been shown to be essential for human NPC2 function [48] and a conserved N-glycosylation site was predicted in the S. mansoni NPC2 (Fig. 3) . , and Xenopus tropicalis (CAJ83028) were aligned with the S. mansoni NPC2 protein using ClustalW [57] . Identical residues are shown in reverse font and functionally conserved residues are shown with gray background. The predicted secondary structure elements [58] of S. mansoni NPC2 are shown above the sequence alignment. Predicted ␤-sheets (arrows) and leader peptide (tube) are indicated. Residues determined to be essential for cholesterol binding in human NPC2 are shown in red, conserved Cys residues are shown in yellow and potential disulfides are indicated by green lines, and potential N-glycosylation sites are shown in pink. Panel B: Structural model of S. mansoni NPC2. Ribbon diagrams of S. mansoni NPC2 with views related by a 90 • rotation. One ␤-sheet is shown in lime and the other in turquoise. The side chains of cysteine residues that form three disulfide bonds are shown in green. Residues that have been found to be essential for cholesterol binding, Phe-66, Val-96, and Tyr-100, are shown in red. This figure was generated using Swiss-Model and DeepView/Swiss-PDB Viewer [59] .
Furthermore, molecular modeling of S. mansoni NPC2 generated a predicted structure similar to human NPC2 [49] that included conservation of the order of ␤-sheets, Cys-Cys bonds, and localization of the residues implicated in cholesterol binding to a hydrophobic pocket in the protein (Fig. 3) suggesting a similar cholesterol-binding function for the S. mansoni NPC2 protein. One possible explanation for the presence of NPC2 in ESP is to facilitate the movement of cholesterol (which eggs must scavenge). However, NPC2 may also facilitate the egress of other glycolipids [50] . Moreover, parasite glycoproteins circulating on host low-density lipoprotein particles have been shown to disrupt lipid homeostasis in host immune cells and induce cellular apoptosis [51] and parasite glycolipids may influence pathogenesis and immunity to infection [52] . NPC2 may participate in this exchange of parasite-derived immunomodulatory molecules.
Several glycolytic enzymes, including enolase, were identified in ESP. Enolase plays a key role in glycolysis and gluconeogenesis; however, it is also a multifunctional, non-classically secreted protein found on the surface of hematopoetic, epithelial, and endothelial cells, where it serves as not only a plasminogen receptor (plasminogen possesses fibrinolytic characteristics) and is implicated in tissue invasion, but as a heat-shock protein, a hypoxic stress protein, and a cytoskeletal and chromatin binding protein [53] . Enolase has been implicated in a wide variety of autoimmune diseases, including lupus erythematosus, ulcerative colitis, Crohn's disease, autoimmune hepatitis, apoptosis, and endometriosis [53] . The intriguing sim-ilarity between enolase, T-crystallins (monomers), and Sm-p40, which is similar to alpha crystallin, remains to be elucidated. Another glycolytic enzyme identified in ESP was GAPDH. GAPDH has been shown to bind fibronectin and laminin [54] and may be involved in mediating the attachment of the egg to host tissues, or somehow aid in the passage of live eggs across host tissues into the external environment.
Some of the proteins secreted by eggs may have pleiotropic effects upon the surrounding granuloma cells or the host's immunoflammatory response. For example, many neuropeptide transmitters require amidation for biological activity and PHM was identified in egg secretions [37] . Several 14-3-3 proteins, which act as molecular scaffolds or chaperones and may have isoform specific functions during development [55] , were present in egg secretions. And finally, the presence of polyubiquitin C in egg secretions is intriguing in that ubiquination of proteins has diverse functions in a myriad of cellular processes such as protein stability and intracellular localization. Several dynamic classes of proteins involved in cell communication (connexins) and adhesion (cadherin/catenin complexes) are regulated by ubiquination [56] . What effects these egg secreted proteins have upon the host remains to be determined.
In conclusion, we used MudPIT to identify the S. mansoni egg secretome, a complex array of 188 proteins with an intriguing array of molecular functions. Additionally, 32 novel ESP proteins were identified. Since egg secreted proteins profoundly influence the Th1/Th2-cytokine environment and serve as the focus of the host immunoinflammatory response, the identification of proteins secreted by live eggs is of fundamental interest. Now that a comprehensive list of egg secreted proteins is available, future research may elucidate their specific role in the immunobiology and pathogenesis of schistosomiasis.
